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(g) System and method for preventing atrial competition during sensor-driven operation of a 
dual-chamber pacemaker. 



^ A system and method for preventing atrial competition during sensor-driven operation of a dual- 
^ chamber pacemaker includes means for sensing atrial activity during an atnal refractory penod Atnal 
competition is avoided by either: (1) generating an atrial competition prevention (ACP) interval upon 
the detection of any atrial activity during the relative refractory portion of an atnal refractoiy P^''°^',^2 
preventing any atrial stimulation pulses from being generated for the duration of such ACP 'nteiva^ . or 
(2) shortening the atrial refractory period in the event that the sensor-dnven rate of the pacema^^^^^^ 
begins to approach a rate that might place atrial stimulation pulses near the end of the unshortened 
atrial refractory period. Further, the invention includes features that allow monitonng of the intrinsic 
atrial rate to determine if such is much greater than the sensor-driven rate, and, if so : (1) reducing the 
maximum tracking rate of the pacemaker, and/or (2) switching the operating mode of the pacemaker 
from a dual-chamber sensor-driven mode to an single-chamber sensor-driven mode. 
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med to operate in a sensor-driven mode i 1 TnTmnHo I ""P'^^^aWe dual-chamber pacemaker program- 

(rl9h, v.„,„ote, or through .he^dy S^^S^I^SS J res'* ""^"V"' ^T' 

the -sinus-rate. This JZe Is d^.l^^B^te^a!,, ""P"''" <»™»nly referral lo ss 

the complete circulatory system of t he e^SL body ' '^"'"^h 

medSeTy^t:^:':^^^^^^^^^^ r ^"'^^ ^ ^^^'^^^ 

resents the repolarization oH^e v^ntrruiTrSerster' " ^ ''"^^^ ^"^''^'^ ^^"^ 

S-A node falls to geneSe ts own natur^f s im^tTn n^."" ? *° °" ^''^'^^ t!'^ 

natural stimulation pulses areZt d^ered ri^h^^^^^^ ^" appropriate sinus rate, or in the event such 

complish this function by opiating inr-den^^nS"^ Pacemakers ao 

provided tothe heart only when it nof b2tTn« nn^? P"'ses from the pacemaker are 

of the heart for the occtreLe of a ^-wave o^an rZI ^SIT"^ "y monitoring the appropriate chamber 
prescribed period of time (which oerie^of timf « ™ 7^ f ^""^^ ^-""^"^ s«"sed within a 
ulation pulse is geneS:tThe S^u^^^^^^^^ then a stim- 

heart chamber via a pacemaker lead Prescnbed period of time and delivered to the appropriate 

toJsr:rv^;'„°:;:^Snrr,o»Trsr™"^^^ 

erally of t«o types: (1) singlsHavmbirc^n^Jl rSJ^f '"sraimaMe paoemskers are gen- 

tivlt^Jt^L'^^grc^^^^^^^^^^^^ 

pacemaker, the pacemaker prov des s"^^^^^^ °' ''^'^ ^ ^"^'"Chamber 

venously inserted info either of thrsrchlber^^^^^^ " ^^'^"^ ^" 

just as effectively p^viding that suiLtr:^^^^^^^ 

In general, both single and dual-chamber pacemakers are classified by type according to a three orfour 



6A2_I_> 



EP 0 598 616 A2 



letter code In this code, the first letter identifies the chamber of the heart that Is paced (i.e.. that chamber 
where a stimulation pulse is delivered), with a "V" indicating the ventricle, an "A" indicating the atrium, and a 
"D" indicating both the atrium and ventricle. The second letter of the code identifies the chamber wherem car- 
diac activity is sensed, using the same letters to identify the atrium or ventricle or both, and wherem a 0 
indicates no sensing talmas place. 

The third letter of the code identifies the action or response that is taken by the pacemaker. In general, 
three types of action or responses are recognized: (1) an Inhibiting ("I") response wherein a stimulation pulse 
is delivered to the designated chamber after a set period of time unless cardiac activity is sensed during that 
time, in which case the stimulation pulse is inhibited; (2) a Trigger ("T") response wherein a stimulation pulse 
is delivered to a prescribed chamber of the heart a prescribed period after a sensed event; (3) or a Dual ( D ) 
response wherein both the Inhibiting mode and Trigger mode are evoked, e.g.. inhibiting in one chamber of 
the heart and triggering in the other. 

The fourth letter, when used, indicates whether the pacemaker is operating in a sensor-driven mode. i.e.. 
in a mode wherein a physiological sensor is used to provide an indication of what the rate of the pacemaker 
should be. Such rate is often referred to as the sensor-indicated rate (SIR). The letter "R" is frequently used 
for the fourth letter to indicate use of such a sensor-driven mode. 

Thus for example, a DVI pacemaker is a pacer (note that throughout this application, the terms pace- 
maker" and "pacer" may be used interchangeably) that paces in both chambers of the heart, but only senses 
in the ventricle, and that operates by inhibiting stimulation pulses when prior ventricular activity is sensed. 
Because it paces in two chambers, it is considered as a dual-chamber pacemaker. A Wl pacer, on the other 
hand is a pacer that paces only in the ventricle and senses only in the ventricle. A WIR pacer is a pacer that 
paces only in the ventricle at a rate determined by an appropriate physiological sensor, and senses only m the 
ventricle. Because only one chamber is Involved, a Wl or WIR pacer is classified as a single-chamber pa- 

Most dual-chamber pacemakers can be programmed to operate in any desired mode, including a single- 
chamber mode. Hence, e.g.. a dual-chamber pacemaker may be programmed to operate in a DDD mode, i e.. 
a mode wherein the pacemaker paces and senses in both the atrium and the ventricle. If the dual-chamber 
pacemaker includes a physiological sensor, the dual-chamber pacemaker may be programmed to operate in 
a DDDR mode i e.. a mode wherein the pacemaker provides stimulation pulses to both chambers of the heart 
on demand (i.e.. only in the absence of natural atrial or ventricular activity in the respective chambers, as de- 
termined by sensing in both chambers) at a rate determined by the physiological sensor. The present invention 
addresses a problem that is primarily associated with a dual-chamber pacemaker operating in a DDDR mode 
One possible effect caused by operating a pacer in a DDD mode is atrial rate based pacing. In an atrial 
rate based pacemaker, the rate of the pacemaker is set by the heart's S-A node, and the ventricle is paced 
at a rate following the sensed atrial rate. Because the rate set by the S-A node represents the rate at which 
the heart should beat in order to meet the physiologic demands of the body, at least for a heart having a prop- 
erly functioning S-A node, the rate maintained in the ventricle by such a pacemaker is truly physiolog.c. As 
indicated, a dual-chamber pacemaker, programmed to operate in the DDD mode, provides such Phys'O OQic 
pacing That is. one of the functional states of DDD pacing, particularly applicable to patients having A-V block 
is to sense P-waves in the atrium, i.e.. to sense the rate set by the S-A node, and pace the ventricle at such 
sensed rate Thus, as the physiologic rate increases, e.g.. as the patient exercises and the P-wave rate m- 
creases. the pacemaker is able to track such increase and pace the ventricle accordingly. 

Unfortunately, in a conventional DDD pacer. P-waves are tracked only up to a certain limit. If the P-waves 
occur too rapidly, they begin to fall in what is known as the atrial refractory period (ARP), the relevant portion 
of which is often referred to as the post ventricular atrial refractory period (PVARP) because it occurs after 
ventricular activity, whether such ventricular activity is paced or sensed. During the atrial refractory period, 
which is a prescribed time period set by the pacemaker logic circuits. P-waves are not sensed; or. if they are 
sensed they are not considered as a P-wave. but are rather considered as noise. P-waves that occur during 
the PVARP thus have no effect on pacer timing. The PVARP is intended to provide a sufficient waiting period 
for the heart tissue to settle down or recover following a prior depolarization or contraction. (See. e.g., the 
previously cited '555 patent, and/or the '980 patent, for a more complete description of the timing intervals, 
and time periods, measured and/or generated by a typical pacemaker as It performs its function of providing 
stimulation pulses on demand.) ov,ado 

Thus if the rate at which P-waves occur increases sufficiently to place a P-wave within the PVARP. such 
P-wave is not detected by a DDD pacer, and the occurrence of such P-wave has no effect on pacer liming. 
That is the DDD pacer has no way of knowing that the P-wave occurred, so it waits until the next P-wave 
occurs* or until the pacemaker's applicable escape interval times out, whichever occurs first, before initiating 
the appropriate mechanism for issuing a ventricular stimulation pulse ("V-pulse"). Disadvantageously. for a 
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rl"ntiH".'^ ^'■^^i'^l'"*"'"^''' ^"^^"^^ ^'^'^"^"y '"'^e^s'ng. each being followed by a V-pulse, a point is 

1 989) Such DDDR pacng mode offers the advantage of providing a sensor-indicated bad^ pacing rate after 

^uTZ'lL^ZT r^'^T- decrease In the ventricular paced rate iravoWed b" 

cauae the applicable escape interval in such a rate-responsive pacemaker, e.g., a DDDR pacemaker Is ad- 
justed automa ically as a function of the sensor-driven rate. Henoe. as the intrinsic P-wave ra^elnTeties di 
to increased physiological demand brought about by. e.g.. exercise, the applicable escape intT val i^sSorte^ 
by the sensor-driven rate. Thus, even though a P-wave may enter the pJaRP and no' be sensed the pace- 
maker will soon issue an atrial stimulation pulse, followed by a V-pulse. at a rate determined K the sensS 
dnven rate, thereby avoiding abrupt changes in ventricular paced rate 

PV/Aprfh?"*^^!°"^'^; •^f''^''^'' detection Of the intrinsic P-wave is lost due to Its falling within the 
n« ?JJk d '"^ o"^' P"'=« ("A-pulse") occurring at the sensor-indicated rate is in compet^ 

t.on wrth he P-wave. Such atrial competition is undesirable because it may induce, in many pLtients atrial 
arrhythmias. This is especially true in those instances where the patient's intrinsic atriaTrate ha^ n^asi 
due to increased physiological demand, as during physical exercise, because during such times fheTart^ 

XTd".'Sh nf Tr'*"?.? ""'^ experiencing relative i s'chemia (inadequate f Lw 

of blood), both of which conditions may further promote the atrial arrhythmia 

An atrial arrhythmia, if it is short lived, is usually of no consequence. However, if it persists it may result 

.*r:^^T ^T"^"*'"" P^blems. For example, atrial competition, by definition applies an 

atnal s imulation pulse to atrial tissue as it is repolarizing (i.e.. shortly after contraction). This ac" on carsta- 
mfu^antly desensitize the atrial tissue to subsequent stimulation pulses, thereby making it difficu to achieve 

l^rnn n I.O '""^^ "'""^ *° ^" ^PP""*^ Stimulation pulse. When of suf^ient energy. TstiZ- 

lat on pulse causes cardiac tissue to which it is applied to depolarize and contract; and the cardiac tIssuTis 
said to be "captured" by the stimulation pulse. When of Insufficient energy, the cardia^tissL dSs nrdep^ 
larize and contract and the cardiac tissue does not respond, i.e.. is not captured, brthrs^imt^Son pulsed 

« to achlv^ '?i '° T'^ "'"^ ' "-"^^^ -"^y -"^ke subsequent aS c^pfure 

nnT™t nn°, S,np f ^''^y'*^"''^^- Thus. What is needed is a system and methcSf^r 

operating a DDDR pacer wherein lack of capture is avoided, and atrial arrhythmias are prevented 

Further, should an atrial arrhythmia persist, there is a need in the art for a method or technique for quickly 
terminating such arrhythmia. However, before such terminating technique can be invoked thSs ako« n2»w 
for a reliable technique for distinguishing between a true atrial arrh>.\mL ^l,^;!'^ danler^^^^^ 

r:;irat::Si:rr'""^^^^^ 

Also, it is noted that as a practical matter atrial competition (i.e., the generatina of an A-oulse in rnmno 

"t^ is'th: :;rr:r ^"^-^^ r t ^"^^^^ °^ ^^^^ --^^ ~^^h'et;a^^^^^^^^ 

cemaker. That is, the atrium, having just naturally depolarized and contracted, is not capable of depolarizino 
and contracting again until such time as the atrial cardiac tissue has repolarized. Thus thereTs a f urther neS 
to avoid atrial competition in order to praserve the limited energy resources of the pacemaker 

Advantageously, the dual-chamber, sensor-driven pacemaker described herein, including the method of 
operating such pacemaker, addresses the above and other needs metnoa of 

The present invention provides a system and method for selectively preventing atrial competition durina 
operation of the pacemaker in a dual-chamber, sensor-driven mode e a the ddhr mnHl ''"""9 
ed by including within the DDDR Pacemaker means for sensing atriaTacC e^ 

those times of the cardiac cycle, such as during a post ventricuLatri^ refr^ period (^VAR^w^^^^^^^^^^ 

' "°' » ' " conventional DDDR pacemaker. Means are aisi inlded^^^^^^ 

pacemaker responsive to sensing such atrial activity, for inhibiting any atrial stimulation pulse tS would 
o herwise have been generated without affecting the time at which a ventricular stimulation puU is gene^ 

A^ZLZTf T ^" ^^-"'-'-n P"'«e is prevents 

Advantageously, the present invention provides two alternate embodiments foravolding atrial comptlition 
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once atrial activity has been sensed: (1) generating an atrial competition prevention (ACP) interval upon the 
detection of any atrial activity during the relative refractory portion of an atrial refractory period, and then pre- 
venting any atrial stimulation pulses from being generated during the duration of such ACP interval; or (2) 
shortening the atrial refractory period in the event the sensor-driven rate of the pacemaker begins to approach 
a rate that might place atrial stimulation pulses near the end of the unshortened atrial refractory period. 

One variation of the first embodiment (generating an ACP interval) inhibits the generation of the a rja 
stimulation pulse, but otherwise does not change the pacemaker timing, i.e.. an atrial-ventricular delay (AVD) 
is initiated at the conclusion of the ventricular-atrial delay (VAD) that is set by the physiological sensor of the 
pacemaker. This sensor-controlled AVD is referred to herein as the sensor-indicated rate (SIR) VAD Another 
variation of the first embodiment delays the generation of the atrial stimulation pulse until the conclusion of 
the ACP interval, thereby in effect extending the SIR VAD until the end of the ACP period. 

One variation of the second embodiment (shortening the atrial refractory period) involves shortening the 
atrial refractory period a fixed amount. Another variation involves changing the atrial refractory period, within 
prescribed limits, as an inverse function of the sensor-indicated rate (SIR). Thus, if the SIR increases, the 
atrial refractory period is shortened. If the SIR decreases, the atrial refractory period is lengthened. 

In accordance with one aspect of the invention, the atrial competition prevention means may be selectively 
programmed to be on or off. In the ACP interval embodiment, the ACP interval will typically have a value in 
the range of 250-350 milliseconds, although any suitable interval could be used. In the atrial refractory penod 
shortening embodiment, the atrial refractory period will typically be shortened on the order of 50-100 milli- 

^^''Inlccordance with another aspect of the invention, there is provided a means for distinguishing potentially 
dangerous atrial arrhythmias from normal fast atrial rates for a pacemaker operating in the DDDR mode, and 
means for terminating such atrial arrhythmias. The distinguishing means includes means for sensing the oc- 
currence of a high intrinsic atrial rate and comparing such rate to the sensor-driven rate. A high mtnnsic atrial 
rate in the absence of a corresponding high sensor-driven rate is presumed to be an atrial tachycardia condition 
~ a potentially dangerous condition that needs to be terminated as quickly as possible. (Alternatively, such 
determination may indicate a malfunction of the pacemaker circuits and/or sensor responsible for generating 
the sensor-driven rate.) The terminating means, which operates only in response to detecting a high intrinsic 
atrial rate in the absence of a corresponding high sensor-driven rate includes means for automatically: (1) re- 
ducing the maximum tracking rate of the pacemaker; and/or (2) switching the operating mode of the Pacemaker 
from a dual-chamber sensor-driven mode to a single-chamber sensor-driven mode, such as the VVIR mode. 
Advantageously, reducing the maximum tracking rate limits the rate at which the pacemaker can provide stim- 
ulation pulses. Switching the operating mode to a WIR mode eliminates the possibility of atrial competition 
by eliminating any possibility of generating atrial stimulation pulses. Either of these responses, in turn, re- 
duces the effects of the fast atrial rate condition. 

Moreover, in the eventthe circuits/sensor responsible forgenerating the sensor-driven rate have somehow 
malfunctioned, neither of the responses to a detected disparity between the intrinsicatrial rate and the sensor- 
driven rate comprise responses that could worsen the situation until such time as the circuits/sensor can be 
replaced or repaired. 

It is thus a feature of the invention to provide a dual-chamber pacemaker operating in a sensor-driven 
mode, and a method of operating such a pacemaker, that avoids atrial arrhythmias. 

It is another feature of the invention to provide such a dual-chamber, sensor-driven pacemaker and method 
of operation that ensures that when an atrial stimulation pulse is provided, it captures the heart. 

It is still another feature of the invention to provide a system and method for operating a dual-chamber, 
sensor-driven pacemaker that minimizes the likelihood of atrial competition between naturally occurring P- 
waves and atrial stimulation pulses which could induce an atrial arrhythmia. 

It is a further feature of the invention, in accordance with one embodiment thereof, to provide such a sys- 
tem and method for operating a dual-chamber, sensor-driven pacemaker that detects atrial activity during the 
pacemaker's atrial refractory period and prevents any atrial stimulation pulses from being generated within 
a prescribed time interval thereafter, thereby minimizing atrial competition by assuring that there is always 
at least the prescribed time interval between sensed atrial activity and an atrial stimulation pulse. 

It is an additional feature of the invention, in accordance with another embodiment thereof, to provide such 
a system and method for operating a dual-chamber, sensor-driven pacemaker that automatically shortens the 
pacemaker's atrial refractory period (ARP) whenever the sensor-driven rate approaches a rate that might place 
atrial stimulation pulses near the end of the time in the cardiac cycle when the original (unshortened) ARP 
terminates, thereby minimizing atrial competition by increasing the time period (after the ARP) during which 
atrial activity can be sensed, which atrial activity (if sensed after the ARP) inhibits the generation of an atrial 
stimulation pulse. 
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maJn^ fofdl^ , ! *° P"^"*^ ^ dual-Chamber, sensor-driven pacemaker that includes 

t7rin?nr H ^ T ^^"^ f ^^^^^^^^ ^^-^^^ver there is a large disparity between a sensed atrial rate and 
^te f™Tth« hT ? h' f . T ' K automatically dissociating the ventricular paced 
rTvtIZ onL H^, . H ? ■ i'"'^'" P^''^''' ^^'""^'"S symptoms, and terminating such atrial ar- 

rhythmia once detected. In accordance with this feature, one embodiment of the Invention causes the maxl- 

brmr„fc'"' ?K°' '"'"r'" '° "'"'^"•^ »° « ^'"^^^ arrhythmia. Anotherem- 
mode tc?rwlk'Z^^^ 

fmm^Ilf» tr^*"" ^"^ advantages of the present invention will be more apparent 

wherein! ''^ P'^*^^"'"* conjunction with the following drawing 

FIG. 1 is block diagram of a dual-chamber, programmable, rate-responsive pacemaker 

F G. 2 IS a block diagram of one possible embodiment of the control logic of the pacemaker of FIG 1 • 

FIG. 3 IS a t.niing diagram illustrating a series of waveforms and pacemaker timing intervals (A)-(F) that 

depic the problem of atrial competltion.andfurthershow how variationsof one embodiment of the present 
mventron addresses this problem by generating an atrial competition prevention (ACP) interval; and 
FIGS. 4. 5 6 and 7 are flowchart diagrams illustrating the operation of the pacemaker of FIG. 1 in accor- 
dance with representative embodiments of the invention 

d.«,nrinf ln'°"'''"f ^'^^^""y «°ntemplated for carrying out the invention. This 

description ,s no to be taken m a limiting sense, but is made merely for the purpose of describing the general 
pnnciples of the invention. The scope of the invention should be determined w^th reference to tSe dXs 
m=K?!^°^ dascnbing the present invention, it will be useful to describe the general framework of a program- 
mable dual-chamber rate-responsive pacemaker, as such framework provides the basis within which the pres- 
ent invention is carried out. Accordingly, reference will first be made to FIGS. 1 and 2. where t^re is show^ 
l^icls^f •tt''^'' dual-chamber programmable pacemaker, and a block rag^m oHheconS 

ic^ic used within such a pacemaker. Once such framework has been described, the present invention wil 
described with reference to the timing diagrams of FIG. 3 and the flowchart diagrams of FIGS. 4 5 and 6 

The n«i'ZL?in r diagram of a dual-chamber pacemaker 10 is illustrated. 

The pacemaker 10 is coupled to a heart 12 by way of leads 14 and 16, the lead 14 having an electrode 15 
which IS m contact with one of the atria of the heart, and the lead 16 having an electrode 17 whiShtS^ntact 

^ reToec iv^ T f '^"'^ ^"'^ "^''^ ^''"^"'^""9 ^ electr^^S^Ts arS 

17. respectively, from an atrial pulse generator (A-PG) 18 and a ventricular pulse generator (V-PG) 20 resoeo- 

lively. These stimulating pulses may be referred to herein as the -A-pulse" or the "V-pulse" ' 

Further, electrical signals from the atria are carried from the electrode 1 5. through the lead 14 to the 

the electrode 17 through the lead 1 6, to the input terminal of a ventricular sense amplifier (R-AMP) 24 
Controlling the dual-chamber pacer 1 0 is a control system 26. The control system 26 receives the output 

each time that a P-wave or an R-wave is sensed within the heart 12 

The control system 26 also generates trigger signals which are sent to the atrial pulse generator 18 and 

'"'fn f ^° "'9"^' """^ 32 ^' respectively. These "rigge^signara egen- 

emlBd each time that a stimulation pulse is to be generated by the respective pulse generator 18 or 20 

AMP o^r R AMP^.l If T M-'^'lflZ """'""^ ""'"^ ^^"^^^^ *° '''^ amplifier. P- 

t^^.ZnfrT f • 'yP"i^"y .^l^^'^'^d °f a blanWng signal presented to these sense amplifiers 

oSJ ^rrn^^l!^^^^^ ""^^ ^"'^ ^' '««P«'=t'^«'y- This blanking action prevents the senseam! 

t^I r n„S,!;l^t. T '^'"'^'^^ ^^'^''^^'y stimulation pulses which are present at 

n ThTln ? '"^ ''""""3 ''^'P^ P^«^«"t ^««'dual electrical signal presen 

in the rnuscle tissue as a result of the pacer stimulation from being interpreted as P-waves or R-waves 

Still referring to FIG. 1. the pacer 10 also includes a memory circuit 40 which is coupled to the control 
system 26 by a surtable data/address bus 42. This memory circuit 40 allows certain control parameters usS^ 
by the control system 26 in controlling the operation of the pacemaker, to be programmably's toredtnd mo^ 
Jnih 'hT ' ^T. '° °' '^"^ ' ° 'f-^ "aads of a particular paS 

and analyst ^""^ °' """^^ ^° ""^^ 40 for later rSSevai 

tro. fJlT^R r'"^" " '""Jr '"'""'^^'^ P^''^' "^'^'^ '^^^""^''y ^'■^'^"'t 44 is connected to the con- 
trol system 26 by way of a suitable command/data bus 46. In turn, the telemetry circuit 44. which Is includJ^ 
within the implantable pacer 1 0. may be selectively coupled to an external programming d;vice 48 by m^a^ 
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Of an appropriate communication link 50. which communication link 50 may be any suitable electromagnetic 
link, such as an RF (radio frequency) channel. , c,. ^ w or,^o 

Advanlageously through the external programmer 48 and the communication l.nk 50. des.red commands 
may be sent to the control system 26. Similarly, through this communication link 50 and the prograrrimer 48 
data (either held within the control system 26. as in a data latch, or stored withm the memory 40.) may be 
remotely received from the pacer 10. In this manner, noninvasive communications may be established with 
the implanted pacer 10 from a remote, non-implanted, location. . . , ^.^^ »k«. 

The pacer 10 in FIG. 1 is referred to as a dual-chamber pacemaker because .t .nterfaces with both he 
atria and the ventricles of the heart. Those portions of the pacer 10 which interface with the atr.a e.g.. he 
lead 14. the atrial sense amplifier 22. the atrial pulse generator 1 8, and corresponding portions of the control 
system 26. are commonly referred to as the atrial channel. Similarly, those portions of the pacer 10 which 
interface with the ventricles, e.g.. the lead 16. the ventricular sense amplifier 24. the ventricular pulse gen- 
erator 20. and corresponding portions of the control system 26. are commonly referred to as the ventricular 

''^^ in accordance with the present invention, the pacemaker 10 further includes a ^^^fll^^f^l^''^^'^^^ 

v.hich is connected to the control system 26 of the pacer over a suitable connection '^^^ 54^Wh.le this s^^ 

52 is illustrated in FIG. 1 as being included within the pacer 10, it is to be understood that the sensor 52 may 

also be external to the pacer 10, yet still be implanted within or carried by the patient. 

A common type of sensor 52 is an activity sensor, such as a piezoelectric crystal which senses physical 

motion (activity) of the patient. Such sensor is typically mounted to the can or case of the P^^f'^/^^r^ Other 

types of physiologic sensors are also known, such as sensors which sense the oxygen content of blood, res- 

r^^ation rate pH of blood, repolarization time of the heart, and the like. The type ^J.^^^^^ "^^^^^^^^ 
iothe presentinvention. Any sensor which iscapableof sensing some parameterwhich IS reatabletoth^^^^^^ 

iological rate at which the heart should be beating may be used. Physiological sensors of the tVP^ descnbed 
are commonly used with 'Vate-responsive- pacemakers in order to adjustthe rate (escape interval) of the pa^r 

in a manner which tracks the physiological needs of the patient. Thus, stimulation P^'^f Q^^^Soo^^'y 
on demand (in the absence of naturally occurring cardiac activity) at a rate determined by the physiological 

^^"^eferring next to FIG. 2, a block diagram of one embodiment of the control system 26 of the pacer 10 is 
illustrated. It is noted that other embodiments of a control system 26 may also be utilized, such as a micro- 
processor-based control system. A representative microprocessor-based system is described, for example .n 
U S Patent 4,940.052. entitled "Microprocessor Controlled Rate-Responsive Pacemaker Having Autoniatc 
Rate Response Threshold Adjustment." assigned to the same assignee as is the present application. The 052 
patent is incorporated herein by reference. , , en ^<.f .no 

The control system shown in FIG. 2 is based on a state machine wherein a set of state reg sters 60 define 
the particular state of the pacer 10 at any instant in time. In general, and as an overview o state machine 
operation, each state, by design, causes a certain activity or function to be carried out. Several states are exe- 
cuted in a sequence during a given cardiac cycle. The sequence of states which is executed in a particular 
cardiac cycle is determined by the particular events which occur, such as the sensing of a P-wave or an R- 
wave as well as the current state, as certain states can only be entered from certain other states. 

Only one state may exist at any instant of time, although several different state machines (or contro sys- 
tems) may operate in parallel to control diverse functions. For example, the telemetry circuit 44 (FIG. 1) pre- 
ferably utmzes its own state machine, such as is described in the above-cited '052 patent. This telemetry circuit 
state machine operates essentially independently of the control system state machine shown in FIG_ 2 _ 

At the heart of the control system 26 is the state logic 62. It is the state logic which controls the state of 
the state registers 60 and hence the function or operation which will next be carried out by the systenri. The 
state logic 62 receives as inputs the current state of the state registers 60. made available over a state bus 
64 (which state bus 64 directs the state of the system to several sections of the control system), as well as 
other signals indicating the current status of the system or events which have occurred. 

The output Signals from the P-AMP 22 (FIG. 1) and the R-AMP 24 (FIG. 1 ) are directed to an input decode 
logic circuit 66. The input decode logic circuit 66 generates appropriate logic signals "IPW" (Inhibiting P-Wave) 
and "IRW- (Inhibiting R-Wave) which are selected by a multiplexer 68 and sent to rate-determining logic 70. 
These signals are also sent to the state logic 62. The function of the rate-determining logic 70 is to determine 
the rate at which either the IPW or IRW signals are occurring. . . .u 

A signal representative of this rate is sent, as an output signal from the rate determining logic 70. o the 
state logic 62 over a signal line 72. The rate-determining logic 70 further receives a sensor rale signal from 
the sensor52 (FIG. 1). and (depending upon the particularstate of the system, as defined by the state registers 
60 and as made available to the rate-determining logic 70 over the state bus 64) sends a rate signal to the 
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state logic 62 over signal line 72 indicative of this sensor rate 

nf »h! nnn?^.'""V° of' ^^'^"^ 74 provides the needed Interface between the circuits 

of the control system 26 and the memory 40 (FIG. 1 ). This memory control circuit 74 may be any conventional 

76 ovlr « Tr > ^ '° ''^ ^'"'^ '"S''^ 62 over signal line(s) 75 or to a programmatJe ^er 
off of the state bus 64). or other selected signals from the state logic 62 (as made available over signal Ze^s) 

io ..f h?fhl"r°"°rJ ""^ P'ogrammable timer 76 is to define a prescribed time interval, the length of which is 
h K i'^^^'9"^'<«).;;«'=«'>'«d from the memory control 74 over the signal line(s) 77. and the starting poht of 
wh.ch begins co.nc.dent with the start of the current state, as obtained from the state bus M TtetiZ i 
further generates a time-out signal when this prescribed time interval has elapsed 

f r„ JIk""^ this prescribed time interval, the timing function may be reset by a reset signal, typically obtained 
from the input decode logic 66. although some states (as obtained from the state bus i) mara^o effecJ^a^ 
«f 7h T w ""^^ "'9"^' '° « decode logic 78. It Is The f7nctfon 

Itor iTIT ^® '° appropriate trigger signals which are sent to the A-pu se 9^- 

17^: Z r ^° ' ^" appropriate logic signal(s) is sent to the state l<Sc 

62 by the t.me-out decode logic 78 over the signal line(s) 80 in order to notify the state logic 62 that theT 
spective trigger signals have been generated. 

the nn".riiiln iT.h^' Preferably a crystal-controlled oscillator, generates a basic clock signal CO which controls 
ltertT„r "y^^-" This Clock signal CO is sent to clock logic circuits 84. where other approp «e 
Th.lT?' ? ^' «^^rived from the basic clock stanai co 

These clock signals are distributed throughout the control system 26 In order to appropriately synchronS the 
various events and state changes which occur within the pacemaker synchronize the 

25 The rate of the basic clock signal CO Is not critical to the present Invention In general a rate of 2s An Kh. 

for the basic clock rate CO is adequate. This rate provides a basic time incremer^t ^Smter^sSs eac^ 

tltT. ' T J ! " '° ""^'^"^^'y '"^^ pacemaker operation Tdes'ed a 

aster basic clock rate may be used, particularly by the memory control 74. to speed up the data transfer be 

« or!",XH*'°?' ^y^'^'" °^ F'G. 2 Starts at an initial state, wherein the state registers 60 assume 

Z?.r?fin ^""^ For example, assuming fourfllp-flops are used for the^me 

registers 60. an initial state might be "1000- (hexadecimal "6") wherein the first flip-flop assumes a "1" stSe 
and the remaining three flip-flops each assume a "O- state. This state may be defined as a V A Delay (vTm 

rti^eTZoTsr ™^ ^« --'^-d as th;-:r;ffl 

-mnn^ ^-^ T!"""'^ '^^'^^^^ '^'^ ^AD state has been initiated, as evidenced bv the 

1000- appearing ^on the state bus 64, it retrieves from the memory 40 an appropriate data rord previLs^v 

V A ^r^T. T ""T"' P-9ra'^'^«r 48. Which deVines the deslrrte^XS the 

The timer 76 is essentially just a counter which counts down (or counts up), using a specified clock sional 
tothe value speci led nthe data word. Whenthecounting has beencomplete^andas^^^^ 
has not been reset by the occurrence of a P-wave or an R-wave. the counter or timer 76 is sSfd to have ?Smed 
out." and an appropnate time-out signal is generated which is sent to the time-out decodriogfc's 

• T. ! ° f r^oognizes that the current state of the system is the VAD state fas deter 

mined by monitonng the state bus 64). and therefore that the VA interval (escape interval) has t meio^^^^^^ 

1 8. so that the atnum can be stimulated. At the same time, an appropriate logic signal(s) is sent to the sTate 

" Th! °Z T ""^^'^ ^° '° '''' '°9'o to the fact that the tiller 76 has timed ouT 
roon '°9«= 62. in response to receiving the signal(s) from the time-out decode logic 78 and also in 

response to the current VAD state, triggers the next state of the prescribed sequence. Fo DDD ODeSton 

IrL^t'S, 1 T °' ^'^'^'^ ^"^'"9 -^"^^ P and R Lnse ampi f te^s 22 and 24 

are d sabled. Accordingly the state logic generates appropriate signal(s) on signal lines 36 and 38 to blank 

Se '"«n r?'""' ""'^ """'"'^"'"^ ^-^P''^'^^ 24. respectively, and boluses 

l?!h?l ^ ? "^^ *° ^ ^'^"^'^ ^'^'^ for example by the f liSlops 

of the state registers 62 assuming a "0001 " (hex "1 ") condition Tiip-riops 

This BLANK State, detected on the state bus 64, causes the memory control circuitry 74 to retrieve an 
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appropriate data word from the memory 40 which defines the length of the blanking interval, which data word 
is loaded into the programmable timer 76. As soon as the timer 76 times out. indicating that the prescribed 
blanking interval has elapsed, a time-out signal is generated which is sent to the time-out decode logic 78 
Upon receipt of this time-out signal, and in response to the current state being a BLANK state the time-out 
decode logic 78 sends an appropriate logic signal to the state logic 62. The state logic 62 responds by steering 
the state registers 60 to assume the next state in the prescribed sequence, which may be. for example, an A- 
V Delay (AVD) state. At the beginning of the AVD state, another value is loaded into the programmable timer 
76 which defines the length of the AV interval. If the timer 76 times out without being reset, indicating that no 
P-waves or R-waves have been sensed, the decode logic 78 generates a V-pulse trigger signal, and notifies 
the state logic 62 of this event. The state logic 62. in turn, causes the next appropriate state to be entered, 
which state may be another blanking state, or BLANK state, similar to the one described above, bu having 
perhaps a different duration. At the conclusion or timing out of this second BLANK state, the next state in the 
orescribed sequence is initiated, which state may be a refractory (REF) state. 

I n the manner described above, the control system 26 assumes one state after another, thereby controlling 
the operation of the pacemaker 10. In general, a state is changed when the timer 76 times out. or when a 
prescribed event occurs. For example, if during the VAD state an IPW signal is received (indicating hat a P- 
wave has been sensed), the input decode logic 66 generates a reset signal to reset the timer 76. and the state 
logic 62 responds by immediately (typically within the next few clock cycles) changing the state to the next 
appropriate state, for example, an AVD state. „ . . 

Further if during the AVD state an IRW signal is received (indicating that an R-wave has been sensed), 
the input decode logic 66 generates another reset signal to reset the timer 76. and the state logic responds 
by immediately changing the state to the next appropriate state, for example, a refractory (REF) state. It is 
noted that the state of the control system 26 could also be changed by receipt of an appropriate command 

from the telemetry system. .... 

The control system 26 of FIG. 2 may be realized using dedicated hardware circuits, or by using a combin- 
ation of hardware and software (or firmware) circuits. The appropriate sequence of states for a given mode 
of operation such as DDD or Wl. for example, may be defined by appropriate control of the memory control 
74 and the state logic 62. These circuit elements, in turn, are most easily controlled through an appropnate 
software or firmware program which is placed or programmed into the pacemaker memory circuits. The man- 
ner of accomplishing such programming is well known in the art A detailed description of the various circuits 
of the control system 26 of FIG. 2 will not be presented herein because all such circuits may be conventional, 
or may be patterned after known circuits available in the art. Reference is made, for example, to the above- 
referenced '555 patent, to Thornander et al.. wherein a state-machine type of operation for a pacemaker is 
described; and to the '980 patent, to Mann et al., wherein the various timing intervals used within the pace- 
maker and their interrelationship are more thoroughly described. 

The operating states of a typical dual-chamber programmable pacemaker may have up to eighteen states 
associated with its control system. These states are described fully in the above-referenced patents. A sum- 
mary of these states is presented below in Table 1. 
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4 
5 
6 
7 

8 
9 

A 
B 



State 


Symbol 


0 


APW 


1 


BLANK 


2 


AREF 


3 


SIPW 



F 



AVD 
CROSS 
VPW 
SIRW 

VAD 
SHORT 1 

MTR 
SHORT2 

RRT 

RNOISE 

LIPW 

PNOISE 



TABLE 1 

the Pacemaker Control System 
Descrip tion 

A-Pulse (A-Pulse triggered) 
V-Sense Input Inhibit (Blank) 
A Refractory 

Sensed Inhibiting P-wave (p- 
wave sensed) 

A-V Delay 

Crosstalk Sense 

V-Pulse (V-Pulse triggered) 

Sensed Inhibiting R-wave (r- 
wave sensed) 

V-A Delay 

Shorten A-V Delay a first 
prescribed amount if ip^ 
during SHORTl with Physiologic 
A-V Delay On 

Max Track Rate 

Shorten A-V Delay a second 
prescribed amount if ipw 
during SHORT2 with Physioloqic 
A-V Delay On 

Lengthen VA interval if at low 
battery 

R Noise sensed during VREF or 
RNOISE 

Latched IPW ~ P-wave sensed 
in MTR 

P Noise sensed during AREF or 
PNOISE 
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(none) 



(none) 



VREF 



ABSRKF 



V Refractory^ independent 1- 
bit state machine synchronized 
to pulse generator when AREF 
starts 

Absolute Refractory for a 
prescribed period, starts when 
AREF starts 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



in addition to the states identified above in Table 1. a dual-chanr,ber pacemaker made in accordance w^h 
the present invention preferably incorporates at least two additional states: (1 ) an ACP (Atrial Competition Pre- 
vention) state, and an ARV (Atrial Rate Verify) state, as will become evident from the description thatJoHows^ 
With the foundation of a dual-chamber, rate-responsive, programmable pacemaker now established, the 
present invention will be more fully described. Broadly speaking, one embodiment of the invention may be 
characterized as a system for preventing atrial competition in a rate-responsive, dua -chamber pacemakercon- 
f igured to operate in a DDDR mode of operation. Such system includes: (a) means for defining a phys ological 
pacing rate; (b) control means for generating timing signals indicative of when an atrial and/orventncu arstim- 
Ltion pulse should be generated by the pacemaker in order to maintain the physiological pacing rate; (c) sens- 
ing means coupled to the control means for sensing atrial and ventricular activity, such as P-waves. indicating 
natural atrial activity, and R-waves. indicating natural ventricular activity, the control means generating he 
timing signals needed to generate atrial and/or ventricular stimulation pulses on demand as nee<ie<J Hie 
absence of intrinsic P-waves and/or R-waves: and (d) stimulation pulse generating means coupled to the con- 
trol means for generating the atrial and/or ventricular stimulation pulses in response to the timing signals. The 
contToTrlleansIn such embodiment may be characterized as comprising: (i) PVARP generating means for gen- 
erating a post ventricular atrial refractory period (PVARP) subsequent to the generation of each ventncula 
stimulation pulse orthe sensing of an R-wave. the PVARP defining a time interval during which sensed atrial 
activity is not considered as a valid P-wave. and (ii) atrial pulse prevention means generates an^trial stirnu- 
lation pulse from being generated that is in competition with atrial activity sensed during the PVARP- Advan- 
taaeously. the atrial pulse prevention of such embodiment occurs without changing the timing signals that 
control when a ventricular stimulation pulse is generated in order to maintain the physiological pacing rate. 

in one particular embodi ment of this invention, the atrial pulse prevention '"eans generates an atrial com- 
peti ion prevention (ACP) interval in response to atrial activity sensed during the PVARP. Such ACP interval 
Kas a prescribed duration. The generation of any atrial stimulation pulses during the ACP interval -s mhib.ted 
or delayed until the end of the ACP interval. Hence, an atrial pacing pulse is not generated in competition with 
sensed atrial activity that occurs during the PVARP for at least the duration of the ACP 'Nerval 

The operation of such atrial pulse prevention means is best illustrated with reference to FIG. 3 FIG. 3 
shows a timing diagram illustrating a series of waveforms and pacemaker timing intervals, labeled (AHE)^ln 
general these series of waveforms depict the problem of atrial competition, and further show how the gen- 
eration of an atrial competition prevention (ACP) interval minimizes such problem. 

It is noted that in the timing and waveform diagrams of FIG. 3. several events are shown as a function of 
time, in each of the five different sequences of events shown in FIG. 3, cardiac f^«"»^^^^«;^P?^^f "'^^^^^^^^ 
electrocardiograph (ECG) schematic that includes P-waves. A-pulses, or V-pulses. The httle bump by the 
letter "P" represents a P-wave. The vertical line by the letter "V represents a V-pulse. The large waveform 
following a V-pulse represents the QRS-T waves that accompany a stimulated ventricular depolarization. The 
vertical line by the letter "A" represents an A-pulse. Timing intervals, time periods, or time delays, generated 
by the pacemaker control system, i.e.. the state logic, are represented as boxes or rectangles above the ECG 
waveform. For simplicity, only time intervals relevant to the present invention are shown. A given timing in- 
terval has a relative duration within the cardiac cycle as shown in the figure. That is. a given timing interva 
begins at that instant of time coincident with its left edge, and terminates at that instant of time coincident 
with its right edge, with time being the horizontal axis and Increasing to the right. 

in the upper waveform diagram of FIG. 3. labeled (A), hereafter referred to as FIG. 3(A), conventional atrial 
rate based pacing (P-wave tracking) is shown. During such pacing, the occurrence of a P-wave 90 causes the 
A-V delay (AVD) 92 to begin, i.e., causes the AVD state to be entered. At the conclusion of the A-V delay 92 
a V-pulse 94 is issued. The generation of the V-pulse 94. in turn, causes the ventricles to contract, represented 
by the QRS wave 96 and T-wave 97. Also, the generation of the V-pulse causes the post ventncular atnal re- 
fractory period (PVARP) 98 to be generated. During the PVARP 98. no atrial activity can be sensed; or if it is 
sensed, it is not treated as a P-wave. For the situation shown in FIG. 3(A). no P-waves occur dunng the PVARP 
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rate ' e a m-^h. • ^ ""^^'^ "^""^"^ P'^^ves occur at a relatively rapid 

rate, e.g.. as might occur during physical exercise. Afirst P-wave 105 )<; «s.»n««rf =„h . • ! 

.cth«y durt„g PVARP eau,« ,„ atrial co,npe.itlon p,eveMfon (ACPI tae^l^I ^ '"^ 

pulse, thereby min.mizing the likelihood of atrial arrhythmia Induction due to compTtmon 

OP«ra 'on Of the ACP embodiment of the invention is shown in FIGS. 3(D) 3(E) Td 3(R In FIG am. 

initlated'ar™Jsrno^^^^^^^^^ 

thereby continuing to pace the heartat the senso" driven LedL^e he fecU^^^^ 

In FIG. 3(E). a P-wave 1 36 likewise occurs during the PVARpTst Henl In Icpt"? '.7^! 
in accordance with the variation of the invention illustrated in Fir3(E) the assod^^^^^^^ 
tended to the end of the ACP interval 131. An A-pulse 139 is generatii'Jt the en"^^^^^^^^ 
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at the end of the ACP interval 1 31 . As is normal, an A-V delay 143 is generated when the ''^^IR VAD 

133 times out. When the A-V delay 146 times out. a V-pulse 147 is generated, thereby paang the heart at a 
rale that is slightly modified from the sensor-driven rate. . . 

in FIG 3(E) a P-wave 140 likewise occurs during a PVARP 138. thereby initiating an ACP interval 141 
When the ACP interval 141 times out. the SIR VAD 142 has not timed out. Hence, at the timing out of lie SIR 
VAD 142 an A-pulse 143 is generated, causing the A-V delay 144 to start. At the conclusion of the A-V delay 
144 a V-pulse 145 is generated. Thus, the heart is paced at the sensor-driven rate. 

It is noted that in all of the sequences shown in FIG. 3. it is assumed that there is no natural ventncu lar 
activity. However, it is to be understood that should an R-wave be sensed during the A-V delay, no V-pulse 
will be generated. That is. the pacemaker delivers stimulation pulses to the heart, whether A-pulses or V-puls- 
es only on demand as indicated by the SIR VAD or AVD. However, even when an A-pulse is demanded at the 
conclusion of the SIR VAD. such will not be provided unless the ACP interval has ^^^^ ^ . 

In another particular embodiment of the invention, referred to as an atrial rate verify (ARV embodiment, 
two additional variations of the invention are provided. In a first ARV variation, the atrial pulse prevention 
means includes: (a) rate determining means for determining an intrinsic atrial rate; (b) first comparison means 
for determining if the sensed intrinsic atrial rate is approaching a reference rate; and (c) means responsive to 
he first comparison meansfor shortening the duration of the PVARP. Shortening PVARP in this -nner a'^^^ 
atrial activity to be sensed and recognized by the pacemaker logic circuitry as a valid P-wave, thereby inhib- 
iting the generation of any atrial stimulation pulse in accordance with conventional demand pacemaker op- 
eration For example, with reference to FIG. 3(C), if the PVARP 118 is shortened by an amount represented 
by the portion150,thenP-wave120 is sensed. andtheA-pulse121 would be inhibited in conventional demand 

''^'^irfseco^d ARV variation, the atrial pulse prevention means includes: (a) rate determining means for de- 
termining an intrinsic atrial rate; (b) first comparison means for determining if the sensed intrinsic atrial rate 
is equal to or greater than a reference rate; and (c) means responsive to the first 

ing the duration of the PVARP as an inverse function of the sensor-indicated rate, or SIR. That .s he durat on 
of the PVARP is inversely tied to the SIR. Thus, if the SIR increases, the PVARP is shortened, and the benefits 
of a shortened PVARP are obtained as in the first ARV variation described above However as the SIR de- 
creases, returning to its initial value, the PVARP lengthens, also returning back to its m.t.al value. manner 
in which the PVARP is controlled by the SIR is controlled by an appropriate algorithm, which J 9°"* "j-" 
of course, be programmed on or off. When on. there is a prescribed relationship between the SIR and PVARR 
For example, the algorithm may be such that for every 10 ppm (pulses per minute) increase ^^e SIR, the 
PVARP is reduced by 1 0-20 milliseconds. Of course, these values are only exemplary, and any suitable inverse 
relationship could be set between the SIR and the PVARP. . „ 

Thus, in operation, the ARV embodiments of the invention monitorthe rate of the intnns.c P-waves. If such 
rate is increasing sufficiently to likely place a P-wave within the normal PVARP. then an ARV state is entered 
by the state logic that either causes the PVARP to be shortened by a prescnbed amount such as 50 to 100 
milliseconds, or that shortens the PVARP by an amount dictated by the increase in the SIR. By preventing 
r intrinsic P-wave from falling within the PVARP (by shortening the normal PVARP), the intnns.c P-wave is 
sensed as a P-wave. and such sensing inhibits any A-pulse generation in conventional demand pacemaker 
operation. If the monitored intrinsic P-wave rate subsequently slows down so that there is no danger of the 
P-waves falling within the normal PVARP then the shortened PVARP is extended back to the normal PVARP. 
either in a single step or gradually as the SIR rate returns to normal. That is, as the P-wave rate subsequently 
slows down, the ARV state is ended, and the pacemaker returns to its normal DDDR operation. 

Referring next to FIGS. 4, 5 and 6, flowchart diagrams illustrating a method of operating the pacemaker 
of FIG 1 in accordance with the ACP, ARV. and other embodiments of the invention, is shown. The method 
Shown in FIG. 4 shows the ACP embodiment described above. The method shown in FIG. 5 is the f>rst version 
of the ARV embodiment described above. The method shown in FIG. 6 is the second version of the ARV em- 
bodiment described above. These embodiments are aimed at alternative methods of preventing atrial com- 
petition, which atrial competition may cause atrial arrhythmias. In contrast, the method shown in FIG. 7 s 
aimed at accurately detecting an atrial arrhythmia, and responding to such arrhythmia, once detected. It s 
noted that the method shown In FIG. 7 may be practiced alone or In combination with the methods shown in 

""'^t each°f lowchart, it is noted that the various steps of the particular method being depicted are shown In 
abbreviated form in "blocks" or "boxes," each of which has a reference numeral associated therewith. 

Referring to the flowchart shown in FIG. 4, for example, a method of operating a rate-responsive, dual- 
chamber pacemaker is shown that avoids generating atrial stimulation pulses that might compete with natural 
atrial activity. It is understood that the pacemaker is programmed to operate in a DDDR mode of operation. 

13 



EP0 598 616 A2 



46 



50 



55 



and In fact such is shown as a first step (block 160) in FIG 4 Basirfliiv/ tho mr^fh^^w a *u 

5 Tn the e^tTthaTaTn7«rf ''l '° ^"^ — ^ - P-«^ ventri aSy S 
5 m tne event that a sensed intrinsic P-wave does occur during PVARP as determin»ri in ct»„ /iTx ^. ^''^ 

Sled DDDSlrof ^-'^ --'^ be generated by 

" 1 60MhT ^laS^'"'!'' ^' ^"""'"'"9 'hat the DDDR pacing mode has been initiated (block 

A-polse te general (block 174), In „„ve„,lo„al demand pacar option "" '"^ ""• » 
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rate- (c) in the event that a sensed intrinsic atrial rate is increasing and is at least as rapid as the reference 
rate', as determined in step (b). shortening a post ventricular atrial refractory period (PVARP) associated with 
the DDDR mode of operation; and (d) operating the pacemaker in the DDDR mode of operation with the short- 
ened PVARP for so long as the sensed intrinsic atrial rate is equal to or greater than the reference rale. 

More particularly, as seen in FIG. 5. after beginning the DDDR pacing mode (block 1 90). the intrinsic atrial 
rate Ar is monitored (block 192). Any conventional means may be used to determine Ar. For example, the 
P-p'inte'rval may be measured and averaged over the previous n cardiac cycles, where n is an integer, such 
as 5 Once Ar has been determined, a determination is made whether Ar is approaching a reference rate, REFr 
(block 194) (It is to be understood that although FIG. 5 speaks in terms of monitoring and measuring rates, 
the same result is obtained by monitoring and measuring "periods." as one is the simply the reciprocal of the 
other ) Next, a determination Is made as to whether Ar is approaching REFr (block 194). That is. a detern™- 
nation is made as to whether the rate of the intrinsic P-waves is increasing sufficiently fast so that a given P- 

wave might fall within the PVARP. 

The determination as to whether a given P-wave might fall within the PVARP involves making an estimate 
based on the trend that has been observed in the increasing intrinsic P-wave rate. This estimate is made using 
any suitable determining technique. For example, the value of the most recent P-P interval (or the most recent 
P-P interval average). PP,. is compared with a second most recent P-P interval (or the second most recent P- 
P interval average), PP. ,. in order to determine how much the P-P interval has changed, AP-P. This AP-P value 
is then subtracted from PP, in order to get an estimate of what the next P-P interval. PP..,. is likely to be if 
this same trend continues. (Note thatfor an increasing intrinsic P-wave rate, the P-P interval decreases.) This 
estimate of PP,., is compared with a corresponding interval. PPr, associated with the REFr. The value of PPr 
is selected to be just slightly longer than the ARP. Hence, if PP,., is less than PPr. it means that the next P- 
wave will likely fall within PVARP. ^^^,^^^o 
Once the determination has been made (at block 194) that Ar is approaching REFr. and hence that a P- 
wave may soon fall in the PVARP, PVARP is automatically shortened (block 198). providing that PVARP has 
not previously been shortened (block 196). The amount by which PVARP is shortened is programmably se- 
lected by the physician, and will typically be 50 to 200 milliseconds. Once PVARP is shortened, the pacer op- 
erates in the DDDR pacing mode using the shortened PVARP. ^ . ■ . „ 

Whether operating the pacer using the shortened PVARP. or using the normal PVARP. the determination 
(made at block 194) as to whether Ar is approaching REFr can also be used as an indication as to whether 
Ar is not approaching REFr. i.e.. whether Ar is sufficiently removed from REFr to assure that the P-waves 
will notfall within the PVARP. If the P-waves are not likely to fall within the original PVARP and assuming that 
PVARP has been previously shortened (block 200). then the value of PVARP is returned to its original value 
(block 202). Thereafter, the pacer operates in its DDDR mode (block 204). using the normal PVARP or the 
shortened PVARP. depending on whether the intrinsic P-waves are likely to fall within the normal PVARP or 
not, until programmed otherwise (block 206). 

Referring next to FIG. 6, a variation of the method shown in FIG. 5 is illustrated. The method illustrated 
in FIG 6 is essentially the same as method shown in FIG. 5 except that rather than shortening PVARP a pre- 
scribed amount upon making a determination that Ar is approaching the reference value REFr, PVARP is ad- 
justed as an inverse function of the sensor-indicated rate, SIR. Thus, upon initiating DDDR pacing using this 
variable PVARP approach (block 191). the intrinsic atrial rate Ar is monitored (block 193). If a determination 
is made that Ar is greater than or equal to a reference rate, REFr (block 195). which reference rate may to 
quite low e g.. as low as the at rest rate of the pacemaker, the PVARP is adjusted as a function of the SIR 
(block 205) and the pacer continues to operate in the DDDR pacing mode (block 201). The relationship be- 
tween PVARP and the SIR is preferably programmable, and causes the PVARP to shorten a first prescribed 
amount for each measured increment in the SIR. Thus, for example, an increase in the SIR of 1 0 ppm causes 
the PVARP to shorten 10 or 20 milliseconds. Similarly, a decrease in the SIR of 10 ppm causes the PVARP 
to lengthen 10 or 20 milliseconds. , 
Should ARfall below the reference rate REFr (block 195). then PVARP is restored to its original value (block 
1 99) providing PVARP has not been previously adjusted (block 197). Thus, by selecting REFr to be an appro- 
priate value, any increase of Ar above REFr causes PVARP to gradually shorten and then gradually lengthen 
until Ar is back below REFr. at which time PVARP remains at its original value. However, any initial decreases 
of Ar below REFr do not cause the value of PVARP to be change. Thus. PVARP changes as controlled by the 
SIR only when Ar initially increases, not when it Initially decreases. 

Referring next to FIG. 7, a still further embodiment of the invention is shown in flowchart form. This em- 
bodiment of the invention, like the embodiments described above, provides a method of operating a rate- 
responsive, dual-chamber pacemaker programmed to operate in a DDDR mode of operation (block 210). In 
contrast to the methods described above in connection with FIGS. 4. 5 and 6 (which are aimed at preventing 
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atrial competition), the method shown in FIG. 7 is aimed at detecting an atrial arrhythmia and dissociatino 

orisL tht r r; r "^^^^ °" ^^^"^^^ physiological parameter. Broadly stated the method corl 

r I .^ T '^""""3 ("> determining if the sensed Intrinsic P-waves r^^ occurrina 

mL! "^^^""7:? <'»• lengthening a maximum tracking interval (MT.) associated withThe DDDR 
mode of operation of the pacemaker, thereby reducing a maximum tracking rate associated S th^ DDDR 
mode Of operation: and (d) operating the pacemaker in the DDDR mode of operation wiftthe tenotJened mt^ 
for so long as the sensed intrinsic atrial rate Is equal to or greater than the SIR 'e"9thened MTI 

• n™^'""!"'^'^' ^"^ "^"^ '■efe^en'^e to FIG. 7, it is seen that the method begins with a first steo of oeci™ 
-n a DDDR mode (block 210). Thereafter, the intrinsic atrial rate A, is monitored Sk 212) E^en wJen ? 
waves occur dunng PVARP. such P-waves ara still monitored so that A« can be det^rSJied The ^aiu^^^^^^^ 
T^'IT:^""' ^' " "^""'^'^^ sensor-indicated rate. SIR^f A, is signranTy gleateftha^^^^^ 

(block 214) the maximum tracking rate (MTR) of the pacemaker is reduced (block 218) pr^cSng it has not 
SrSt " -9"'^ i-nt'y greater than the SIR (blor2?^rrd if he M^^^^ 

2n the MTTh'rf " ^"r' "^^^^ P^'^"'"^'*^^ '° °P-«t« DDDR mode (bTock 

220). If he MTR has been previously reduced, but a determination is made (at block 214) that A, is not So 
n .cantly greater than the SIR. then the MTR is restored to its original value (block 224rand the^acer °Je e" 

pirirmrm^eT" 

Note, that the maximum tracking rate, or MTR, of a pacemaker is determined by a programmablv set ma« 
.mum tracking interval (MTI). and defines the highest rate at which the pacemaker can trSri^SSfac 
sSed' MT?" ' provide stimulation pulses on demand. (A more complete description of the M^ a^^"^ 
?eferancedl '"'""''^ Thornander et al. '555 pateZ;e^ousry 

inH Jl? "T"^ ^ ^t*®'''"'"ation that Ar is significantly greater than the SIR (block 214) provides a reliable 
hvihr^VrnT'"' Phy«io'09ical sensor used with the pacemaker is function.ngSan atria?"! 

rhythmia condition is present. That Is. if the fast atrial rate wera due to increased physiological demaTthen 

frLkil .^'.K ^* " f something Is wrong. Advantageously, reducing the maxuTr^ 

het^fd^^^L ! "^"^"^ ^^'^'^'^ *° the fasratrial rate. AddJionairshouW 

?e w^be be^fS^^^^ ""tf *° VA conduction, the reduction in the paceS ventn^rr 

th?MTR r r fjrf^^y^^f"'^ stoPS' then A, should return to a rate that is dose to the SIR and 

the MTR can be returned to its original value (block 224). (Note that reducing the MTR is typically realized bv 
increasing the duration of length of the MTI.) The value of Ar required to be above the SIR to orodu^f lie 
- p^S:.^" "^'^ "'"^ '''' -"^^^^ ^ the^'ma'nuf.c.urerTa^v^V:;,^^^^^^^^ 

been redSd5bToS2f6i 'thl'^if if ^"^ ^""^ ^14). and if the MTR has already 

f h=f„ Q?p * (block21 6), then a f urtherdetermination is made as to whether Ar has been significantly Greater 
Tf time suIh\T«?'"^ "r"* Of time (block228). Asustained period of time is defined as eUhe a fSeriS 
45 S « inln °' ^ Prescribed number of cardiac cycles, m. where m is an integer such as 15? 

45 fa sustamed penod of time has not elapsed since the MTR was first reduced (as determined at btock 228^" 
then the pacer continues to operate in its programmed DDDR mode (block 220). I . howe^eT a sustlfnef oefS 
''f^^" arrhythmia hasX^tedf^ he defned 

S^such es thTw;p "i'^^""'"' 

230). such as the WIR mode. Operation begins in the new mode (block 232) until a reomarsmm^ll^^Z 

" "ftt noSJtS?;*:""' ^'^^'^'^'^ -t«^ to an acceSrieveKbrSS-2^^^^^ 

it IS noted that if the arrhythmia continues for a sustained period of time (block 2281 that itll »• 
that something is wrong, and switching to an alternate mode ("rk 2^rsuch?s tfe W^^^^^ 

crjhornhf T'' '"^'^''^^ °^ ^^^""9 -'th the priblem unti such^ L ilvCclan' 
can horoughly evaluate exactly what the problem is and what can be done to correct It Physician 

r.ml".r" ^"^ " t^^t the present invention provides a dual-chamber pa- 

cemaker operating in a sensor-driven mode, and a method of operating such a pacemaker that nr^„!T^ 7^ 

vTsTd alrieir ".T ''^•"'"'-■^'■"^ '"^elihood of atria, compet^tlontraen na u^^^^^^^^^^^ 
ves and atnal stimulation pulses. In one embodiment, termed the "ACP" embodiment, the pacei^ter senses 



30 



35 



50 



55 



16 



DOCID: <EP ^059881 6A2„L> 



EP 0 598 616 A2 



atrial activity during the pacemaker-s post ventricular atrial refractory period (PVARP) and prevents any atrial 
stimulation pulses from being generated within a prescribed time interval thereafter, thereby minimizing atrial 
competition by assuring that there is always at least the prescribed time interval between sensed atrial activity 
and an atrial stimulation pulse. In another embodiment, termed the ARV embodiment, the pacemaker auto- 
matically shortens PVARP whenever the sensor-driven rate approaches a rate that might place atrial stimu- 
lation pulses near the end of the time in the carxliac cycle when the original (unshortened) PVARP terminates, 
thereby minimizing atrial competition by increasing the time period (after PVARP) during which atrial activity 
can be sensed, which atrial activity (if sensed after PVARP) inhibits the generation of an atrial stimulation 
pulse. 

As further seen from the preceding description, the present invention provides a dual-chamber, sensor- 
driven pacemaker and method of operation that ensures that when an atrial stimulation pulse is provided, it 
captures the heart. This it does by ensuring thatthe atrial stimulation pulse is not provided at a time that would 
compete with a naturally occurring P-wave, during which time the cardiac tissue Is refractory and unable to 
respond properly to the stimulation pulse. 

As also seen from the above description, the present invention provides a dual-chamber, programmable, 
rate-responsive pacemaker that includes selectable means for detecting and responding to an atrial arrhyth- 
mia This is accomplished by programming the pacemaker to detect an atrial arrhythmia whenever there is a 
large disparity between a sensed atrial rate and a sensor-driven rate. Once such atrial arrhythmia is detected, 
the pacemaker includes means for automatically reducing the maximum tracking rate of the pacemaker, and/or 
switching the pacemaker operating mode from a dual-chamber rate-responsive mode, such as DDDR. to a 
single-chamber ventricular rate-responsive mode, such as VVIR. 

The invention also extends to a method of operating a rate-responsive, dual-chamber pacemaker so as 
to avoid generating atrial stimulation pulses that might compete with natural atrial activity, the pacemaker be- 
ing programmed to operate in a DDDR mode of operation, the method comprising the steps of: (a) sensing 
intrinsic P-waves; (b) determining if a given sensed intrinsic P-wave occurred during a post ventncular atrial 
refractory period (PVARP) associated with the programmed DDDR mode of operation of the pacemaker, the 
PVARP being generated by the pacemaker subsequent to any sensed or paced ventricular activity; (c) in the 
event that a sensed intrinsic P-wave does occur during PVARP. as determined in step (b). starting an atrial 
competition prevention (ACP) period; and (d) preventing the generation of any atrial stimulation pulse during 
the ACP period, if any, in the event that the ACP period has not timed out by the time the atrial stimulation 
pulse would otherwise be generated by the programmed DDDR mode of operation. 

Preferably the ACP period comprises a programmable time interval, whereby no atrial stimulation pulse 
may be generated by said pacemaker operating in said DDDR mode until after said time Interval has elapsed 
following intrinsic P-wave that occurs during the PVARP. 

The invention also extends to a method of operating a rate-responsive, dual-chamber pacemaker so as 
to avoid generating atrial stimulation pulses that might compete with natural atrial activity, said pacemaker 
being programmed to operate in a DDDR mode of operation so as to provide stimulation pulses on demand 
at a rate determined by a physiological sensor, said method comprising the steps of: (a) sensing intnnsic P- 
waves- (b) determining if the sensed intrinsic P-waves are occurring at an intrinsic atrial rate that is at least 
as rapid as a reference rate; (c) in the event that a sensed intrinsic atrial rate is at least as rapid as said ref- 
erence rate, as determined in step (b), changing a post ventricular atrial refractory period (PVARP) associated 
with said DDDR mode of operation; and (d) operating said pacemaker in said DDDR mode of operation with 
said changed PVARP for so long as the sensed intrinsic atrial rate is equal to or greater than said reference 

^^'^■preferably, the method further includes the step of returning PVARP to its original value in the event that 
the sensed intrinsic atrial rate is not increasing and is less than said reference rate. Conveniently, the step of 
changing said PVARP comprises shortening said PVARP, preferably by a prescribed amount. The amount may 
be inversely proportional to the rate determined by said physiological sensor. 

The invention also extends to a method of operating a rate-responsive, dual-chamber pacemaker program- 
med to operate in a DDDR mode of operation, said pacemaker including physiological sensor means for de- 
fining a sensor-indicated rate (SIR) indicative of a preferred rate at which said pacemaker should pace a pa- 
tient's hearten demand based on a sensed physiological parameter, said pacemaker further including means 
for defining a maximum tracking rate at which the patients heart may be paced on demand by said pacemaker, 
said method comprising the steps of: (a) sensing Intrinsic P-waves; (b) determining if the sensed Intrinsic P- 
waves are occurring at a rate that is much greater than said SIR; (c) in the event that a sensed intrinsic atrial 
rate is greater than said SIR, as determined in step (b), reducing the maximum tracking rate of said pacemaker; 
and (d) operating said pacemaker in said DDDR mode of operation with said reduced maximum tracking rate 
for so long as the sensed intrinsic atrial rate is equal to or greater than said SIR. 
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^.v.nTThrfho'"' ""Z '"^""''^ '^"^ °^ '•'^ "maximum tracking rate to its original value In the 

event that the sensed tntnnsic atrial rate Is not much greater than the SIR 

orn Jer^thTn II^ a'so include the step of determining if the sensed intrinsic atrial rate has remained much 
greaterthan the SIRsignalforasustained period of time,andifso. automatically switchingtheopera^ 
of said pacemaker from said DDDR mode to a single chamber mode, such as a WIR mode 



Claims 



ooera^ in i DDn^ H '=°'"P«*"'°" i" a rate-responsive, dual-chamber pacemaker configured to 
oeSino Um?.o «Zt for defining a physiological pacing rate; control means for 

generating timmg signals indicative of when an atrial and/or ventricular stimulation pulse should be gen- 
thT^Jn^J'J P^T'"^' '° "^'"'^'^ '^"^ physiological pacing rate; sensing means coupled to 

the control n^eans for sensing atrial and ventricular activity, such as P-waves. indicating natural atrial 
nTZ.llt R-waves indicating natural ventricular activity, the cental means generating the timing sig- 
nf fnt„„«t p 9«"«^«te atrial and/or ventricular stimulation pulses on demand as needed in the absence 
mer, for T """^^^'^ stimulation pulse generating means coupled to the control 

means or generating said atrial and/or ventricular stimulation pulses in response to the timing signals- 

rZ^H^^^IIIoTT °' ventricular stimulation pulse or the sensing of a^ 

R-wave. the PVARP defining a time interval during which sensed atrial activity is not considered as a 
valid P-wave. the PVARP generating means generating at leasta first PVARP and a second PvIrp an^ 
atrial pu se prevention means for preventing an atrial stimulatton pulse from being generated that' is in 
competition with atrial activity sensed during the PVARP. aoneraiea mai is in 

^' t^n^T^ffZ ^'^'1" 1. Characterised in that the atrial pulse prevention means operates to pre- 

vent an atna stimulation pulse from being generated without changing the timing signal that control 
when a ventricular stimulation pulse is generated, thereby maintaining the physiol^i^l pacing rate 



3. 



5. 
6. 



r.:^ pTergtti"' ^ ^ "-'^^ ^^^^ ~' 

meS^n^^ "'^i'"^ ^' that the atrial pulse prevention means comprises: 

rnnn t J' pvf '^'"P«'"'°" P^ention (ACP) interval in response to atrial actMty sensed 

f^To r T'.^^'^J"^^"^ preventing any atrial stimulation pulse from being generated during 

. • "^"'"^ P"'^^ ^^"^'^'^"^ competition with sensed atrial ac'JSy 

that occurs dunng the PVARP for at least the duration of the ACP interval. ^ 

Apparatus as claimed in Claim 4. characterised in that the ACP interval has a prescribed duration. 

^zTZy^2^tSo^s:^'^^^^ '''' ^p- 

7. Apparatus as claimed in any preceding Claim, characterised in that the atrial pulse prevention means 
terZr^ determining means for determining an intrinsic atrial rate; first comparison means for de 
termining an intrinsic atnal rate is approaching a reference rate; and means responsive to the first coL 

t'heT^" PVARp" "^'"^ ''''^'^ *° ^ "'^ ^"^"^ ''^^'^ <"««^«nt ^ 

8. Apparatus as claimed in Claim 7. characterised in that the second PVARP is approximately 50 to 200 
milliseconds shorter than the first PVARP. Amwieiy ou m ^iju 

9. Apparatus as dainied in Claim 7 or Claim 8. characterised in that the second PVARP changes as an in- 
verse function of the physiological pacing rate. ^"-nges as an in- 

^fTinh ^ as claimed in Claim 9, characterised in thatthe second PVARP changes as an inverse function 
of the physiological pacing rate only if the physiological pacing rate first increases. 
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11. Apparatus as claimed in any of Claims 7 to10. characterised in that the further Inclusion of means for 
defining a maximum rate at which the pacemaker is allowed to generate the atrial a nd/or ventricular sti m- 
ulation pulses on demand; second comparison means for determining if the sensed intrinsic atrial rate is 
significantly greater than the physiological pacing rate; and means responsive to second comparison 
means for reducing the maximum rate. 

12. Apparatus as claimed in any of Claims 7 to 11, characterised in that the further inclusion of means for 
determining if the intrinsic atrial rate has remained significantly greater than the physiological pacing rate 
for a sustained period of time, and if so, for automatically switching the mode of operation of the pace- 
maker from the DDDR mode to a single-chamber raue-responsive mode of operation. 

13. Apparatus as claimed in Claim 12. characterised in that the single-chamber rate-responsive mode to 
which the pacemaker is automatically switched comprises a WIR mode of operation. 

14. A rate-responsive dual-chamber pacemaker having means for sensing and pacing in the atrial and ven- 
tricular chambers of a heart in accordance with a sensor-indicated rate (SIR) signal, including control 
means for generating or inhibiting stimulation pulses in accordance with a programmed mode of opera- 
tion, and physiological sensor means for providing the SIR signal, and a system for preventing atrial com- 
petition which comprises: detecting means for detecting intrinsic atrial activity during an atrial refractory 
period; timing means for initiating an atrial competition prevention (ACP) interval in response to the de- 
tecting of the intrinsic atrial activity during the atrial refractory period; and inhibiting means responsive 
to the detecting means for preventing any atrial pacing pulse from being generated during said ACP in- 
terval. 

15. A pacemaker as claimed in Claim 14, characterised in that the inhibiting means does not affect the rate 
at which the control means generates or inhibits ventricular pacing pulses in response to the SIR signal, 
whereby atrial pacing pulse is not generated in competition with intrinsic atrial activity that occurs during 
the atrial refractory period for at least the duration of the ACP interval. 

16. A pacemaker as claimed in Claim 14. characterised in that the inhibiting means delays the generation of 
any atrial pacing pulse until the conclusion of the ACP interval. 

17. A pacemaker as claimed in any of Claims 14 to 16, characterised in that the ACP interval comprises a 
time period within the range of approximately 250 to 350 milliseconds. 

18. A rate-responsive dual-chamber pacemaker having means for sensing and pacing in the atrial and ven- 
tricular chambers of a heart in accordance with a sensor-indicated rate (SIR) signal, including control 
means for generating or inhibiting simulation pulses in accordance with a programmed mode of operation, 
and physiological sensor means for providing the SIR signal, and a system for preventing atrial compe- 
tition which comprises: detecting means for detecting intrinsic atrial activity during an atrial refractory 
period; estimating means for estimating whether the sensed atrial rate is increasing so as to be likely to 
place a P-wave within the atrial refractory period; means responsive to the estimating means for changing 
the atrial refractory period; and prevention means responsive to the estimating means for preventing any 
atrial pacing pulse that would otherwise be generated in accordance with the SIR signal from being gen- 
erated, whereby an atrial pacing pulse is not generated in competition with intrinsic atrial activity that is 
estimated to be likely to occur during the pre-changed atrial refractory period. 

19. A pacemaker as claimed in Claim 18, characterised in that the means for changing the atrial refractory 
period comprises means for shortening the atrial refractory period by a prescribed amount. 

20. A pacemaker as claimed in Claim 19, characterised in that the atrial refractory period is shortened by a 
value within the range of approximately 50 to 200 milliseconds. 

21. A pacemaker as claimed in Claim 18, characterised in that the means for changing the atrial refractory 
period comprises means for changing the atrial refractory period by an amount that is inversely propor- 
tional to changes in the SIR signal, the atrial refractory period thereby being shortened as the rate indi- 
cated by the SIR signal increases, and the arterial refractory period being lengthened as the rate indicated 
by the SIR signal decri^ases. 



19 



EP 0 598 616 A2 



22. A pacemaker as claimed in any of Ciaims 18 to 21 in that the prevention means comprises for generating 
an atrial competition prevention (ACP) interval in response to atrial refractory activity sensed during the 
atrial refractory period, and means for delaying or inhibiting any atrial stimulation pulse from being gen- 
erated during the ACP interval. ^ 



23. 



A method of operating a rate-responsive, dual-chamber pacemaker so as to avoid generating atrial stim- 
ulation pulses that might compete with natural atrial activity, the pacemaker being programmed to operate 
in a DDDR mode of operation, the method comprising the steps of: (a) sensing intrinsic P-waves; (b) de- 
rv?I'=^? ^ ^^"^^ ^'"^"^ occurred during a post ventricular atrial refractory period 

10 (PVARP) associated with the programmed DDDR mode of operation of the pacemaker, the PVARP being 

generated by the pacemaker subsequent to any sensed or paced ventricular activity; (c) in the event that 
a sensed intrinsic P-wave does occur during PVARP. as determined in step (b), starting an atrial compe- 
ition prevention (ACP) period; and (d) preventing the generation of any atrial stimulation pulse during 
the ACP period, if any, in the event that the ACP period has nottimed out by the time the atrial stimulation 
15 pulse would otherwise be generated by the programmed DDDR mode of operation 
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(57) A system and method for preventing atrial com- 
petition during sensor-driven operation of a dual-cham- 
ber pacemaker includes means for sensing atrial activity 
during an atrial refractory period. Atrial competition is 
avoided by either: (1) generating an atrial competition 
prevention (ACP) interval upon the detection of any atri- 
al activity during the relative refractory portion of an atri- 
al refractory period, and preventing any atrial stimulation 
pulses from being generated for the duration of such 
ACP interval; or (2) shortening the atrial refractory peri- 



od in the event that the sensor-driven rate of the pace- 
maker begins to approach a rate that might place atrial 
stimulation pulses near the end of the unshortened atrial 
refractory period. Further, the invention includes fea- 
tures that allow monitoring of the intrinsic atrial rate to 
determine if such is much greater than the sensor-driven 
rate, and, if so: (1) reducing the maximum tracking rate 
of the pacemaker, and/or (2) switching the operating 
mode of the pacemaker from a dual-chamber sensor- 
driven mode to an single-chamber sensor-driven mode. 
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